The endoscopic optical coherence tomography (OCT) has been developed for early detection of digestive system cancer. However, it is difficult to detect cancerous tissue due to complicated speckle patterns contributed by optical properties of scattering and absorption in the morphological images of OCT. In our previous papers, 2-color optical coherence dosigraphy (2C-OCD) was proposed, which quantified OCT signal as scattering and absorption coefficients and could provide drug distribution at the micro-scale spatial resolution. In this study, an in vivo tomographically diagnosing technique of early cancer is presented, in which 2C-OCD is applied to cancerous tissue with selective uptake of photosensitizer. The feasibility study was demonstrated and investigated, based on 2C-OCD visualization of the subcutaneous tumor-implanted nude mice with photosensitizer AlPcS administered. Consequently, it was confirmed that drug absorption coefficient obtained by 2C-OCD was correlated with fluorescence intensity from accumulated AlPcS (r = 0.918), comparing with their histological images. Additionally, 2C-OCD could diagnose tumor tissue significantly with sensitivity of 82.5% and specificity of 78.3%, respectively. Therefore, 2C-OCD can detect photosensitizer infiltration into cancerous tissue, and thus has a promising modality for in vivo tomographically diagnosing technique of early cancer.
Introduction
For malignant neoplasm accounting for more than 20% of cause of death in the world (World Health Organization ed., 2008), photo-dynamic diagnosis (PDD) (Weissleder et al., 1999) and photo-dynamic therapy (PDT) (Chen et al., 2015) have been attracting attention to detect and diagnose the tumor lesion by means of fluorescence images of oncotropic photosensitizer, respectively. As a typical example of the malignant neoplasm, in digestive system cancer, endoscopic PDD (Mayinger et al., 1999; Orth et al., 2000; Ishihara et al., 2006) is expected for early detection of the cancer due to a fear that the cancerous tissues expressed in mucosal layer are infiltrated into submucosal layer and are spread to other organ by blood and lymph flows. However, it is impossible for both of PDD and PDT to detect depth information of the tumor since those measure surface fluorescence from the photosensitizer. In case of gastric cancer, the cancer is classified into two types, namely, early gastric cancer that invasion of the cancerous tissue confines to mucosa and advanced gastric cancer that the cancerous tissue invades across muscular layer of mucosa (Sakamoto et al., 2009 ). The tissue removal region and the treatment policy are determined based on depth of the tumor invasion, therefore, it is required to tomographically diagnose invasion of the cancerous tissue.
Yu NAKAMICHI*, Souichi SAEKI**, Takafumi HIRO*** and Masunori MATSUZAKI**** Nakamichi, Saeki, Hiro and Matsuzaki, Journal of Biomechanical Science and Engineering, Vol.12, No.2 (2017) [DOI: 10.1299/jbse.16-00591] Calculation of scattering and absorption coefficients using the calibrated ratio of scattering coefficient Optical coherence tomography (OCT) (Schmitt, 1999 ) is three-dimensional structural imaging technique for biological tissue in vivo. OCT is based on low coherence interferometry of near infrared light, and has micro-scale spatial resolution, which is typically less than 10 µm. Therefore, OCT has been clinically applied to ophthalmic and cardiovascular diagnoses and has shown many clinical outcomes (Gora et al., 2009; Stamper et al., 2006) . In the last 20 years, endoscopic OCT has been developed for early detection of digestive system cancer (Kirtane and Wagh, 2014) , however, it showed few clinical outcomes till now. This is because of difficulty to detect the early cancer with OCT structural imaging. Although the cancerous tissue with high scattering density is captured as high scattering intensity in OCT image, scattering attenuation is also increased, resulting in low contrast between normal and cancerous tissues.
Previously, we proposed a micro-visualizing technique of drug distribution in vivo with micro-scale spatial resolution, which was termed 2-color optical coherence dosigraphy (2C-OCD) (Nakamichi et al., 2008 (Nakamichi et al., , 2009 ). The dosigraphy is a coined term combining 'dosimetry' and 'tomography'. The 2C-OCD is based on OCTs using two waveband '2-color' light sources having different optical absorbance of photosensitizer, and separately detects tomographic images of tissue scattering coefficient and drug absorption coefficient. In the present study, a tomographically diagnosing technique of early cancer using 2C-OCD is proposed, by means of detection of accumulated photosensitizer based on the absorption coefficient distribution obtained by 2C-OCD. The feasibility of proposed method is investigated by applying 2C-COD to subcutaneous tumor-implanted nude mice and by comparing calculated absorption coefficient distributions with their histological images.
Proposed Method

2-color optical coherence dosigraphy
Using photosensitizer as a contrast agent for OCT, 2C-OCD (Nakamichi et al., 2008 (Nakamichi et al., , 2009 ) simultaneously detects tissue scattering coefficient and drug absorption coefficient from '2-color' OCTs having different optical absorbance of the photosensitizer. Al (III) phthalocyanine chloride tetrasulfonic acid (AlPcS) (Frontier Scientific Inc.) (Derycke et al., 2004; Juzenas et al., 2004; Kulvietis et al., 2007) is an oncotropic photosensitizer and has optical absorption peak at around 680 nm (Fig. 1) . In AlPcS infiltrated tissue, back-scattered light intensities at 680 nm are exponentially decreased by the optical absorption of AlPcS but those at 830 nm are not affected by the optical absorption. By taking the difference of optical absorbance between 680 nm and 830 nm light, 2C-OCD realizes detection of the drug absorption coefficient map. Here, 2C-OCD is presented as a means of tomographic detection of early cancer, based on the drug absorption coefficient distribution of the oncotropic photosensitizer. In practice, Eqs. (1)(2) showing spatial differentiations along depth axis for logarithmic OCT signal intensities I λ c (x, y, z) are investigated, (Nakamichi et al., 2008 (Nakamichi et al., , 2009 ) for detail derivation of Eqs. (1)(2).
For oncotropic properties of photosensitizer used as OCT contrast agent, there are a lot of studies about hematoporphyrin derivatives (HpD) of the first generation photosensitizer (Muller and Wilson, 1990) . Recently, 5-aminolevulinic acid (5-ALA) (Zaak et al., 2002) , mono-L-aspartyl cholin e6 (NPe6) (Hayashi et al., 1995) , and AlPcS (Derycke et al., 2004; Juzenas et al., 2004; Kulvietis et al., 2007) were developed as the second generation photosensitizer to have less phototoxic and higher fluorescence quantum efficiency as compared with HpD, and have been applied to various clinical fields such as gastric cancer, esophagus cancer, and brain tumor (Orth et al., 2000; Inoue and Shuin, 2008) . Moreover, with the recent rise of nanotechnology, novel photosensitizers have been developed for use of PDD and PDT in near-infrared domain including AlPcS. AlPcS is employed as the OCT contrast agent in this research, and the absorption coefficient distribution proportional to AlPcS infiltration makes possible to tomographically detect early cancer.
2C-OCD algorithm
The algorithm of 2C-OCD to calculate distributions of scattering coefficient µ s and absorption coefficient µ a is shown in Fig. 2 . To reduce effects of incident light distribution and speckle noises, ensemble averaging is applied to OCT images obtained at different focal points by depth scanning of objective lens. After logarithmic processing to OCT signal intensities, two differential coefficients in Eqs. (1)(2) (attenuation coefficients) are calculated by a weighted moving least square method (WMLSM) (Belytschko et al., 1994) . Note that a two-dimensional second-order polynomial is used for the the approximate function in WMLSM. The radius of influence region is experientially determined to 100 µm that can stably calculate the differential coefficients, and the differential coefficients are calculated every 10 µm based on spatial resolution of our OCT. Subsequently, spatial misalignment between 2-color OCT images due to the difference in optical path distances is corrected. Since a storing peak is observed around surface of samples in OCT image, extreme values around the surface are respectively extracted from the 2-color differential coefficient distributions obtained by WMLSM and those positions are precisely aligned. Finally, using preliminarily calculated ratio of tissue scattering coefficients κ, absorption coefficient distributions are calculated form Eqs. (1)(2). Note that the ratio of tissue scattering coefficients κ is calculated at an arbitrary region in normal tissue of nude mouse skin. Figure 3 shows the experimental OCT system based on fiber-type Michelson interferometer. This was consisted of two superluminescent diodes (SLDs) with the center wavelengths of 680 nm and 830 nm ( Fig. 1) , and simultaneously detected the 2-color OCT images through wavelength-division multiplexing (WBM). The SLD with center wavelength λ c = 680 nm (Optlink, 9.5 mW) had the full width at half maximum (FWHM) ∆λ = 8 nm and was used for detecting absorption coefficient of AlPcS. The SLD with center wavelength λ c = 830 was generated from two SLDs with center wavelengths of λ c = 795 nm and λ c = 840 nm (Optlink, 30 mW) by combining those with a fiber coupler, and was used as one broadband light source having FWHM ∆λ =75 nm. Taking into account shapes of the spectra, the spatial resolutions along depth Z axis would be around 26 µm and 10 µm for 680 nm and 830 nm light sources, respectively. The beam spot sizes determining spatial resolution along lateral X axis were 9.52 µm and 11.6 µm for 680 nm and 830 nm light sources, respectively, and thus the incident beam was scanned along the lateral axis every 10 µm. The depth of field was 233 µm, in which coherence-gate detection of interference signal was functional. The interference signals were detected through lock-in amplifiers to amplify the signal at Doppler shift frequency ( f D = 2v/λ c ), which is generated by scanning reference mirror at a constant speed v. The high-pass filters were also used before the amplification to avoid noise amplification due to scanning speed changes of the reference mirror. As shown in 2C-OCD algorithm (Fig. 2) , to reduce incident light distribution, ensemble averaging was applied to six interference signals that were recorded with changing focal point every 40 µm within a range from surface of sample to depth of 200 µm.
Experiment
Experimental system
Subcutaneous tumor-implanted nude mice
Two BALB/c nude mice (males, 7 weeks old) were used for 2C-OCD experiments. To make subcutaneous tumorimplanted mouse models, LL2 (LLC1) cell line (mouse Lewis lung carcinoma) (Bertram and Janik, 1980; Sharma et al., 1999 ) (ATCC) was cultured in RPMI1640 medium, and the cancerous tissues (1 x 10 7 cells/ml) were implanted into their subcutaneous tissues in upper and lower backs. Table 1 shows the tumor volumes for each mouse after 10 days bleeding. The tumor volumes were approximately calculated as length × width × height × 0.5. Although the tumor volumes were different from those of micro-scale early cancer, those were feasible to investigate detection accuracy and the tumor detection ability of 2C-OCD. AlPcS solution (5 µl/g) was intravenously administered to the mice from tail vein after regulating the concentration and the PH to 1.02 mg/ml and 7.2 respectively by supplementing with NaOH and phosphate-buffered salines. The mice were sacrificed 24 hour after the injection. Before 2C-OCD visualizations, PDD measurements were performed to evaluate the AlPcS accumulation in tumor regions. The fluorescence images were excited by homogeneous irradiation of 680 nm laser light (OZ Optics Ltd., 10 mW) with a beam expander, and were captured with a electron multiplying CCD (EM-CCD) camera (512 x 512 pixels, 14 bits, C9100-12, Hamamatsu) through a band-pass filter of 760 ± 10 nm (FY0760, ϕ = 50 mm, Asahi Spectra). Subsequently, OCT measurements were performed, in which OCT beam was irradiated from above of skin of the submerged samples (Fig. 3 ). The present research was reviewed by the Institutional Animal Care and Use of Committee (IACUC) in Yamaguchi University and the experiments were carried out under the control of Animal Experimentation of Yamaguchi University School of Medicine.
Histopathology
In order to distinguish tissue characterizations of the samples, histopathological examination was performed. After OCT measurements, the measured tissues were fixed with formalin and were embedded in paraffin. The tissue slices with a thickness of 4 µm were sectioned with a cryostat at the same locations with measured OCT images. Although the tissues were inhomogeneously shrunk due to the dewatering process, qualitative alignment between the tissue slices and the OCT images was achieved since surface of the samples were marked by two points before OCT imaging and the OCT scans and the slice sectioning were performed along a line connecting the two points. The tissue slices were stained with hematoxylin-eosin (HE), and the histological images were detected by a bright-field microscope. To evaluate AlPcS infiltration, tissue slices without any staining were also used for fluorescence imaging of AlPcS. Using a epifluorescence microscope (BX-51, Olympus), the fluorescence images were excited by ultraviolet light irradiation (330 -385 nm), and were captured with a EM-CCD (C9100-12, Hamamatsu) through a high-pass filter of 600 nm.
Evaluation for detection accuracy of 2C-OCD
In order to investigate tumor detection accuracy based on drug absorption coefficient µ a obtained by 2C-OCD, statistical analysis using t-test was applied to the absorption coefficient distributions, and additionally sensitivity and specificity (Inoue and Shuin, 2008) of the tumor detection with 2C-OCD were evaluated. In the t-test, samples were classified into 6 groups as shown in Tab. 1 according to the mouse individuality and the tissue. The samples for the t-test (N = 10 or 20) were extracted from regions of interest (0.04 mm 2 ) in the absorption coefficient distribution and the fluorescence map for each group. As described above, the absorption coefficient distribution (OCT image) and the fluorescence map were aligned along X and Y axes since tissue was preliminarily marked before OCT imaging. Therefore, those maps were divided every 100 µm along X axis and the regions of interest (ROI) were defined as a region form the surface to 400 µm depth within the divided areas. Note that taking into account the beam spot size of OCT (23 µm) and the thickness of histological slices (4 µm), for one absorption distribution, five slices around the absorption distribution were used. This Vol.12, No.2 (2017) [ means that a ROI of absorption distribution has five corresponding ROIs in fluorescence map. The significance level in the t-test was set to 0.001. The sensitivity and the specificity are typical measures for lesion detection accuracy (Zaak et al., 2002; Inoue and Shuin, 2008) and represent probabilities of positives and negatives of the lesion that are correctly identified. To compare the detection accuracy of 2C-OCD with that of standard OCT, the sensitivities and the specificities for µ 680 a and I 830 were calculated, respectively. The histograms of µ 680 a for normal and tumor tissues were first calculated from arbitrary regions, and then the probability distributions of µ 680 a for both tissues were obtained by Gaussian function approximation. The threshold to discriminate between positives and negatives of the tumor was defined as the intersection between the two probability distributions, and the sensitivity and the specificity of 2C-OCD were finally calculated based on the threshold. The sensitivity and the specificity of standard OCT were also calculated using I 830 dataset. Figure 4 shows images of white light and fluorescence of the subcutaneous tumor-implanted mouse model (group B). The formation of enlargement due to tumor implant was observed in the center of the sample (Fig. 4a) . The fluorescence emission of AlPcS was specifically observed in the tumor site (Fig. 4b) . In this way, PDD can indeed visualize surface location of the tumor site, however, depth invasion of the cancerous tissue cannot be diagnosed since it is impossible to detect AlPcS infiltration inside the tissue. It was confirmed that positive fluorescence was observed only in the tumor tissue for all groups. 
Results and Discussion
PDD results
Histopathological results
The histopathological examinations were conducted based on opinion by a specialized medical doctor. Figure 5 shows HE stained histological images in tumor (group B) and normal (group C) sites. In the tumor sites, homogeneous distribution of the cancerous tissue with high cell density was observed except for around the surface showing remaining hair roots (Fig. 5a ). In contrast, the normal site showed a layer structure, namely, epidermis in superficial layer (∼ 50 µm), followed by dermis (∼ 300 µm), followed by adipose tissue including follicle (400 -500 µm), and followed by muscular layer (Fig. 5b) . Figure 6 shows fluorescence images of unstained slices in tumor (group B) and normal (group C) sites. The tumor site showed homogeneous fluorescence with high intensity. The fluorescence in normal site was almost negative except for the adipose tissue with low intensity. This would be the same phenomenon with Kulvietis's report that AlPcS remained in subcutaneous tissue even if it took 24 hour after AlPcS injection for the drug washout (Kulvietis et al., 2007) . However, AlPcS indeed accumulated specifically in the tumor as compared with the normal tissue, suggesting a possibility of early cancer detection using AlPcS as the contrast agent.
2C-OCD results
Figures 7(a)(b) show 830 nm OCT images in tumor (group B) and normal (group C) sites, respectively. The sizes of each image (X × Z) were 2 mm × 1 mm. When surface of the sample and depth limitation of measurement range of OCT were defined to positions to be 70% and 3% of the highest OCT signal intensity, respectively (Xu et al., 2008) , our OCT system had depth dynamic range of around 600 µm for both of tumor and normal tissues. The OCT image in the tumor site globally showed higher scattering intensity as compared with that in the normal tissue. This would be because of optical parameter of the tumor tissue with high cell density. The shadows with low intensity were also observed due to remaining hair roots (e.g. arrow in Fig. 7(a) ). In contrast to the tumor site, OCT image in the normal tissue showed high scattering intensity especially between the surface and 300 µm depth (e.g. region between red dashed lines in Fig. 7(b) ). This is due to layer structure in subcutaneous tissue, and the region showing high scattering intensity would correspond to epidermis and dermis. The shadows due to remaining hair roots were observed as well as the tumor site, and additionally dark stripes were observed at around 200 µm intervals along X axis. This structure would be caused by boundary shapes of dermis and adipose tissue or difference in optical parameters between those. Figures 7(c)(d) show 680 nm OCT images that were obtained simultaneously with the 830 nm OCT images. In contrast to the 830 nm OCT images, the scattering intensity of 680 nm OCT image in the tumor site was globally smaller than that in the normal tissue. This was because of optical absorption by AlPcS accumulated in the tumor tissue. In both of the tumor site and the normal tissue, the OCT images showed almost the same tissue structure as the 830 nm OCT images although the spatial resolution was lower than the 830 nm OCT images. Therefore, tissue morphological information is detectable from signal intensities in OCT image, however, as shown in Fig. 7 , the difference of OCT signal intensities between tumor and normal tissue is too small to distinguish tumor from normal tissue without priori information such as histopathological images. Especially Nakamichi, Saeki, Hiro and Matsuzaki, Journal of Biomechanical Science and Engineering, Vol.12, No.2 (2017) [DOI: 10.1299/jbse.16-00591] in case of digestive system cancer, difference of optical parameters between mucosal tissue and buried cancerous tissue will be smaller than this model, and thus the contrast in OCT image will be also unclear, resulting in further difficulty for diagnosis of the cancer. By applying 2C-OCD to 830 nm OCT images (Figs. 7(a)(b) ) and 680 nm OCT images (Figs. 7(c)(d) ), absorption coefficient distributions µ 680 a (x, z) were calculated as shown in Fig. 8 . Note that the white lines and the depths where the distribution is disrupted respectively indicate the surface and the limitation of measurement range (positions for 70% and 3% of the highest OCT signal intensity, respectively), and the absorption coefficient around surface is not displayed since strong peaks around the surface in the OCT images made calculations of differential coefficients in Eqs. (1)(2) impossible. The absorption coefficient was extensively high in the tumor site although the spatial variation was also high (Fig. 8a) . The absorption coefficient in the normal site was smaller as compared with the tumor site, and showed large spatial variation and some artifacts (Fig. 8b) . Note that the spatial variation and the artifacts are discussed below. From these results, the absorption coefficient distributions obtained by 2C-OCD qualitatively coincided with AlPcS fluorescence images shown in Fig. 6 and therefore reflected AlPcS infiltration within the tissues. In order to quantitatively evaluate that, locations of the absorption coefficient distributions for each sample shown in Tab. 1 were aligned to those of AlPcS fluorescence images, and correlation between the absorption coefficient and the fluorescence was investigated (Fig. 9) . The absorption coefficient and the fluorescence showed a statistically significant correlation (r = 0.918, p ≈ 0), indicating the validity of proposed diagnosing technique based on AlPcS infiltration, i.e. drug absorption coefficient distribution. On the other hand, the large spatial variation of the absorption coefficient in tumor site would be caused by heterogeneous optical properties derived from remaining hair roots, resulting in difficulty of stable calculation of the differential coefficients in Eqs. (1)(2). Those including tissue optical properties and structure, e.g. dermis and adipose tissue, were also thought to be the cause of the artifacts in normal site. However, difference between the absorption coefficients in tumor and normal site was obvious as shown in Fig. 8 , and thus 2C-OCD can detect cancerous tissue with higher contrast as compared with standard OCT images. Moreover, in case of digestive system cancer detection, the intramucosal cancer has simpler tissue structure than subcutaneous tissue and does not have the cause of artifacts such as remaining hair root, therefore, their absorption coefficients should be calculated with small spatial variation. Figure 10 shows averaged absorption coefficients calculated based on the classification shown in Tab. 1. The error bars indicate the standard deviation. The averaged absorption coefficients in tumor sites were larger than those in normal tissue regardless of the animals. To evaluate the significance, t-test was applied to the averaged absorption coefficients, and statistically significant differences (p < 0.001) were found for all combinations of tumor and normal sites. Therefore, it was confirmed that 2C-OCD can significantly detect cancerous tissue with selective uptake of photosensitizer. This result also suggested that the concentration of AlPcS accumulated in the tumor tissue was at least larger than 11.3 µM because our previous study (Nakamichi et al., 2008) revealed that current 2C-OCD system can detect AlPcS concentration with accuracy of ±11.3 µM. It was also confirmed that statistically significant differences (p < 0.001) were found for all combinations of averaged fluorescence intensities in tumor and normal sites.
Evaluation for detection accuracy
In order to evaluate the tumor detection accuracy of 2C-OCD, sensitivities and specificities were calculated by discriminating tumor from normal tissue with using standard OCT signal intensity I 830 and absorption coefficient µ 680 a , respectively. As shown in Tab. 2, the sensitivity and the specificity for OCT signal intensity were 59.4 % and 75.8 %, respectively. These results mean that accuracy rate of tumor diagnosis was around 60%, and thus indicate the difficulty to diagnose cancerous tissue infiltration with standard OCT measurement. Especially in case of using 1,300 nm OCT Nakamichi, Saeki, Hiro and Matsuzaki, Journal of Biomechanical Science and Engineering, Vol.12, No.2 (2017) [ system that has been applied in clinical fields, it is expected that sensitivity and specificity will be further decreased since backscattering light intensities are decreased. In contrast, both sensitivity and specificity of the absorption coefficient obtained by 2C-OCD were around 80%. Since 2C-OCD quantifies OCT signal as drug absorption coefficient, 2C-OCD is expected to maintain high detection accuracy even if 1,300 nm OCT system is used. Therefore, it is concluded that 2C-OCD can tomographically detect cancerous tissue with detection accuracy 20% higher than standard OCT. Although further investigation in micro-scale early cancer model remains for future studies, the utilities of 2C-OCD, i.e. high detection accuracy and micro-scale tomographic diagnosis, suggest a potential for clinical application of 2C-OCD. In this study, 2C-OCD experiments were performed ex vivo. When 2C-OCD is applied in vivo, however, there is a potential difficulty for OCT image displacement along X, Y, and Z axes due to heartbeat, respiration, and body movement of the sample. Since the proposed method calculates the differential coefficients of OCT signals as shown in Eqs. (1)(2), random noises such as scattering intensity change by blood flow and speckle noise have to be eliminated by ensemble averaging of multiple repeated OCT image acquisitions (Fig. 2) . In addition, taking into account the incident light distribution depending on depth of field of OCT beam, OCT scanning area has to be stable and controllable for the ensemble averaging. Although the endoscopic OCT probe based on MEMS technology have been developed for in vivo OCT applications (Sun and Xie, 2011; Kirtane and Wagh, 2014) , the probe for applying 2C-OCD to in vivo recording requires additional machinery that fixes the probe head on tissue and changes the focal point of OCT beam, in order to compensate the spatial misalignment of multiple OCT scans and the incident light distribution. In the near future, this kind of probe will be feasible, for example, by introducing a micro-suction device (Shimizu et al., 2011) into existing endoscopic OCT probe, in which tissue is suctioned by a negative pressure to fix the probe head, and surface position of the tissue, i.e. focal point of OCT beam is controlled along Z axis by varying the pressure of suctioning. On the other hand, for scattering and absorption characteristics of the tissue, the difference between in vivo and ex vivo conditions will not matter. As compared with ex vivo condition, optical absorbance of water and blood is expected to be increased in vivo. However, 2C-OCD quantifies OCT signals as scattering coefficient and drug absorption coefficient, and thus the increase of optical absorbance by water and blood is represented as apparent increase of the scattering coefficient, without affecting calculation of the drug absorption coefficient. Although the increase of optical absorbance will make depth measurement range in OCT imaging smaller, this problem can be resolved by introducing a high-power light source (Hsiung et al., 2004) and/or a high sensitive detection system such as spectral domain OCT and swept-source OCT (Leitge et al., 2003; Choma et al., 2003) .
Typically, cancer diagnosis with PDD has the sensitivity of 78 -100% and the specificity of 33 -87% (Zaak et al., 2002; Inoue and Shuin, 2008) although those shows large variation depending on photosensitizer and types of the cancer. The proposed method has almost the same detection accuracy with PDD in both of sensitivity and specificity and can tomographically diagnose cancer inside the tissue with micro-scale spatial resolution. Therefore, 2C-OCD is expected as a three-dimensional diagnosing technique for early cancer detection. Especially in digestive system cancer, since PDD cannot detect the cancer invasion into submucosal layer, endoscopic 2C-OCD will provide a lot of clinical outcomes for determinations of the tissue removal region and the treatment policy. Moreover, a hybrid of PDD and 2C-OCD makes Nakamichi, Saeki, Hiro and Matsuzaki, Journal of Biomechanical Science and Engineering, Vol.12, No.2 (2017) [DOI: 10.1299/jbse. simultaneous diagnoses of surface location and tissue invasion of the cancer with micro-scale spatial resolution possible, and thus is expected to establish a novel diagnosing technique with high detection accuracy. In microsurgery (Boppart, 2003) in brain tumors that the critical purpose is to discriminate lesion from normal tissue, the hybrid of PDD and 2C-OCD will be also useful as a intraoperative sensing technique for those discrimination. On the other hand, since in PDT three-dimensional distribution of remaining photosensitizer inside the lesion has to be measured, applying 2C-OCD will be contributed to facilitate the treatment effect. In addition to these applications, non-invasive and tomographic detection of photosensitizer accumulated in lesions using 2C-OCD will provide new insights for the mechanisms in expression and advance of the lesion as well as an assessment for drug delivery system (Hwang and Edelman, 2002) . The utilities of 2C-OCD will be improved with development of phtosensitizers functional in higher near-infrared waveband based on rapidly developing nanotechnology.
Conclusion
We proposed an in vivo tomographically diagnosing technique of early cancer based on drug absorption coefficient obtained by 2C-OCD with oncotropic photosensitizer. The feasibility was tested with ex vivo 2C-OCD visualization in subcutaneous tumor-implanted mouse models, and the cancer detection accuracy of 2C-OCD, namely, the sensitivity and the specificity were revealed to be 82.5% and 78.3%, respectively. Therefore, the utility of 2C-OCD for three-dimensional micro-diagnosis of early cancer was suggested.
